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Lithium and sodium thiophosphates (and related compounds) have recently 
attracted attention because of their potential use as solid electrolytes in solid-
state batteries. These compounds, however, exhibit only limited stability in 
practice as they react with the electrodes. The decomposition products partially 
remain redox active hence leading to excess capacity. The redox activity of 
thiophosphates is explicitly used to act as electrode for sodium-ion batteries. 
Copper thiophosphate (Cu3PS4) is used as a model system. The storage 
behavior between 0.01 and 2.5 V versus Na+/Na is studied in half cells using 
different electrolytes with 1 m NaPF6 in diglyme showing the best result. Cu3PS4 
shows highly reversible charge storage with capacities of about 580 mAh g−1 
for more than 200 cycles @120 mA g−1 and about 450 mAh g−1 for 1400 cycles 
@1 A g−1. The redox behavior is studied by operando X-ray diffraction and X-ray 
photoelectron spectroscopy. During initial sodiation, Cu3PS4 undergoes a con-
version reaction including the formation of Cu and Na2S. During cycling, the 
redox activity seems dominated by sulfur. Interestingly, the capacity of Cu3PS4 
for lithium storage is smaller, leading to about 170 mAh g−1 after 200 cycles. The 
results demonstrate that thiophosphates can lead to reversible charge storage 
over several hundred cycles without any notable capacity decay.
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from the rich chemistry of layered oxides, 
polyanion compounds and Prussian blue 
analogues, which allows tuning of the 
electrode properties.[3] To reduce cost, com-
pounds rich in abundant Mn and Fe are 
preferred over Co and Ni that dominate 
the cathode materials for most lithium-
ion batteries (LIBs). The composition of 
the electrolyte solutions is largely adopted 
from LIBs with carbonates as solvents 
and NaPF6 as conductive salt though also 
ethers are increasingly being studied as 
well as polymer and inorganic solid elec-
trolytes.[4] Considering potential negative 
electrodes, however, the materials choice 
is presently rather limited. Graphite, being 
the standard material in lithium-ion bat-
teries, can only be applied using solvent 
cointercalation phenomena in ether elec-
trolytes.[5] The capacity, however, is lim-
ited to around 110 mAh g−1 so far and the 
electrode undergoes large volume changes 
during cycling.[6] Higher capacities can 
be achieved in disordered carbons,[7] but 
much of the capacity is obtained at potentials likely too close to 
the sodium metal plating potential to enable safe operation. Var-
ious titanium oxides and related compounds are of interest too 
because titanium is quite abundant. The capacities, however, are 
often well below 200 mAh g−1.[8] From the class of metals and 
metalloids, only Sn, Sb, and Pb show high storage capacities.[1e,9] 
While the volume expansion on the electrode level can be 
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1. Introduction
Sodium-ion batteries (NIBs) are currently developed with the 
aim to provide an alternative to lead–acid and lithium-ion bat-
teries that is based on more abundant and low-cost materials. 
The progress in the field is frequently summarized in litera-
ture.[1,2] For the positive electrodes, the field is especially profiting 
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effectively buffered by embedding the particles in a carbon 
matrix, the widespread use might be limited as these elements 
are not abundant. Moreover, Pb, Sb and their compounds are 
not environmentally friendly and/or toxic. For high capacity 
electrodes, this largely leaves conversion electrodes as options.[10] 
These are based on transition metal compounds, often oxides 
or sulfides. During sodiation/lithiation, the transition metal is 
fully reduced along with formation of sodium/lithium oxides 
or sulfides. Depending on the transition metal and the type 
of anion (oxides, sulfides, fluorides, …) used, the properties of 
these electrodes can strongly vary. Common advantages are 
very high capacities easily reaching several hundred mAh  g−1, 
while common challenges are sluggish kinetics leading to large 
voltage hysteresis, volume expansion, and low initial coulombic 
efficiency (ICE). Moreover, the reaction mechanisms are often 
nonideal, include amorphous and intermediate phases along 
with side reactions, see, e.g., results on CuO.[10a,11]
Recently, copper phosphides were investigated because of 
their very high theoretical volumetric or gravimetric capacities.[12] 
For example, Zhao et  al. reported that CuP2 has a theoretical 
capacity of qth  = 1282  mAh  g−1. In Na half cells, the practical 
storage capacity at 150 mA g−1 was about 450 mAh g−1 between 
the 2nd and 30th cycle (≈100% capacity retention). However, 
strong capacity fading occurred during prolonged cycling 
leaving only 170  mAh  g−1 after 100 cycles.[12b] Cu3P shows only 
a moderate theoretical capacity of 363 mAh g−1, i.e., on par with 
graphite in lithium-ion batteries, but its volumetric capacity is 
approximately three times higher (2664 Ah l−1 vs 781 Ah l−1). Stan 
et al. found stable cycling with 220 mAh g−1 after 50 cycles.[13]
Copper sulfides (CuS with qth = 560 mAh g−1 and Cu2S qth = 
337 mAh g−1) are also well known as high capacity storage mate-
rials for LIBs and NIBs. Their high intrinsic electronic and ionic 
conductivity is a great advantage, but cycle life is poor in com-
monly used carbonate electrolytes.[14] Han et  al. for example 
showed for a carbonate electrolyte a comparably high specific 
capacity of 582 mAh g−1 in the initial cycle, but only 13.8% after 
the first 10 cycles were retained for a Li half-cell.[15] Moreover, in 
another study from Debart et al. a similar high capacity value was 
achieved in the initial cycle, and they observed a drop to about 
50 mAh g−1 after five cycles, explained by the dissolution of active 
material in the carbonate electrolyte.[16] Jache et al. could link this 
strong capacity fade to the electrolyte solvent and showed that the 
use of carbonates leads to short cycle life while ethers provide 
long cycle life. Bulk CuS and Cu2S were used for this study, the 
latter showing the best cycle life.[14b] Using also an ether electro-
lyte, Wang et al. showed for nanostructured CuS that high capaci-
ties between 376 and 447 mAh g−1 are obtained for more than 100 
cycles at C-rates up to 2C.[17] In case of sodium, Park et al. showed 
that the theoretical capacity of CuS can be almost reached after a 
longer activation period of around 100 cycles (0.2C).[18]
The combined use of copper, sulfur and phosphorous leads 
to the class of copper thiophosphates. Cu (6 $ kg−1)[19] and espe-
cially P (0.45 $ kg−1)[20] and S (0.1 $ kg−1)[21] are cost-effective and 
abundant elements, making them attractive for application. It is 
interesting to note that lithium/sodium thiophosphates such as 
Li3PS4 and Na3PS4 are currently highly studied as solid electro-
lytes (SE) for all solid state batteries thanks to their high room 
temperature ionic conductivity in the order of ≈10−4–10−2 S cm−1 
and their high ductility.[22] Recent results, however, showed that 
the solid electrolytes easily decompose in contact with positive 
and negative electrodes as the theoretical electrochemical sta-
bility window is quite narrow.[23] Long-term use of these mate-
rials in high voltage batteries therefore requires the formation 
of suitable interphases that stabilize the electrode–electrolyte 
contact areas.[22b,e,23b] In analogy to conventional lithium-ion bat-
teries, formation of a solid electrolyte interphase (SEI) is desired, 
yet this is not a trivial task. Decomposition products of the solid 
electrolyte, however, can also remain redox active during cycling, 
hence leading to excess capacity. While this is not necessarily a 
problem, it can lead to a continuous cell degradation and an over-
estimation of the storage capacity of the electrode material.[23b] 
Calculations predicted that the electrochemical stability window 
for thiophosphate electrolytes is limited by sulfur and by phos-
phorus redox activity (depending on the redox potential).[23b,24]
Here, we intentionally use a thiophosphate not as solid elec-
trolyte, but instead as electrode material Cu3PS4 is taken as a 
study case. To the best of our knowledge, the intentional use 
of thiophosphates as electrode material for NIBs has not been 
reported yet. Nevertheless, it is important to mention a very 
recent study by Fan et al., who reported on iron thiophosphite 
(FePS3) and related compound.[25] According to their results, 
a composite electrode with reduced graphene oxide was syn-
thesized and showed an initial capacity of about 880  mAh  g−1 
(0.05 A g−1) in a Na half cell, however the ICE was only 48%. After 
the first cycle the capacity was around 420 mAh g−1. Cycling led 
to a capacity fade of 58% over 300 cycles leading to 243 mAh g−1. 
Higher capacities and better cycle life were achieved for lithium 
with 843  mAh  g−1 found after 120 cycles. The ICE value was 
only 59%, however. Similar findings were observed in a study 
by Edison et  al. about tin thiophosphite SnPS3 in a Li half 
cell.[26] They obtained capacity values >2300  mAh  g−1 in the 
initial cycle, but the ICE was even only 38%. However, still a 
capacity of 532 mAh g−1 after 100 cycles (0.1 A g−1) was retained. 
Although improvement is necessary, these findings are a clear 
motivation to study the behavior of thiophosphates as electrodes 
in batteries. An advantage of Cu3PS4 over FePS3 and SnPS3 is 
the possibility to synthesize the former by simple reactive ball 
milling, while for the latter two more complex synthesis routes 
were applied. The Cu3PS4 was first prepared in a ball mill and 
then subsequently mixed with carbon black in a second ball 
milling step to prepare a Cu3PS4/C composite. Electrodes of the 
active material were tested for their sodium storage behavior 
in half cells. A variety of analytical tools (scanning and trans-
mission electron microscopy (SEM, TEM), X-ray photoelectron 
spectroscopy (XPS) as well as operando X-ray diffraction (XRD) 
are applied to study the reaction mechanism. Electrochemical 
results are compared with the analogue lithium half cells.
2. Results and Discussion
2.1. Materials Characterization
Cu3PS4 was synthesized in a planetary ball mill (PBM) for 24 h 
at 400 rpm from stoichiometric amounts of Cu, sulfur and P2S5 
according to
+ + →6Cu P S 3S 2Cu PS2 5 3 4  (1)
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The reaction product was confirmed by XRD, as shown 
in Figure  1. Cu3PS4 crystallizes in an orthorhombic struc-
ture and the pattern is well in line with the reference (ICSD: 
98-041-2240). Rietveld refinement revealed lattice parameters 
of a  = 7.254(5)  Å, b  = 6.305(5)  Å, c  = 6.041(2)  Å (Pmn21 space 
group) and a crystallite size of 21 nm, see Figure S1 in the Sup-
porting Information.
Local analysis was done using TEM combined with selected 
area electron diffraction (SAED), presented in Figure  2. The 
images show that the as-prepared Cu3PS4 consisted of poly-
crystalline agglomerates with high phase purity. SAED pat-
tern and bulk powder XRD pattern are compared in Figure S2 
(Supporting Information), showing good agreement. High 
resolution TEM images in Figure 2c show an interplanar lattice 
spacing of 3.09 Å (red) corresponding to the (002) planes, i.e., 
half of the length of the c-axis of the Cu3PS4 unit cell. Moreover, 
6.39 Å were measured for the interplanar distance of the (100) 
lattice plane, which is in good agreement with the length of the 
b-axis of the Cu3PS4 unit cell. These results are well in line with 
the results of the Rietveld refinement of the XRD analysis in 
Figure 1. Overall, the results confirm that phase pure Cu3PS4 was 
obtained by the ball milling process. An important difference 
Adv. Funct. Mater. 2020, 30, 1910583
Figure 1. X-ray diffraction pattern of Cu3PS4 powder synthesized by high 
energy ball milling for 24 h in a planetary ball mill (ICSD: 98-041-2240). 
The obtained pattern corresponds to an orthorhombic crystal lattice of 
the Pmn21 space group.
Figure 2. TEM analysis of the Cu3PS4 powder: a) single particle image; b) TEM/SAED pattern; c) HRTEM images of agglomerated Cu3PS4 crystals.
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between Cu3PS4 and the thiophosphates Li3PS4 and Na3PS4 
used for solid state batteries is that Cu3PS4 is air stable, while 
the latter compounds are highly hygroscopic, leading to imme-
diate formation of H2S upon air exposure. Cu3PS4 is also stable 
in ethanol as it was used in photo-electrochemical studies.[12e,27]
The synthesized Cu3PS4 was mixed with carbon black 
as conductive additive (7:3 by weight) in a swing ball 
mill (SBM) for 12  h (25  Hz) to form a Cu3PS4/C com-
posite. Electrodes were then prepared by casting a slurry 
onto a copper current collector using PVDF as binder. The 
total composition of the electrode in weight fractions was 
Cu3PS4:C:PVDF = 0.66:0.29:0.05. SEM/EDS images of the elec-
trodes shown in Figure 3 reveal fine particles up to a few µm 
in size and a homogenous distribution of all elements suggesting 
that Cu3PS4 was intimately mixed with carbon. This observation 
is in line with the XRD results. A more detailed view on the 
particle size and the materials morphology can be seen in the 
TEM images shown in Figure S3a,b (Supporting Information). 
The particles presented in Figure S3a (Supporting Information) 
were captured directly after synthesis in the PBM. The syn-
thesis leads to particles in different sizes ranging from around 
<100 nm up to about 1 µm. The embedment in the surrounding 
carbon matrix after the additional ball milling step with carbon 
can be seen in Figure S3b–d (Supporting Information). Herein, 
also larger aggregates >1 µm were observed. The particles show 
an irregular shape as expected, which can be seen with a more 
detailed view on Figure S3c,d (Supporting Information).
Thickness and loading of the electrodes were around 20 µm 
(without current collector) and between 1.5–2.2  mg  cm−2. 
Assuming an ideal and full conversion according to
+ + + −Cu PS 11Na 3Cu 4Na S Na P | 843 mAh g3 4 2 3 1  (2)
would correspond to a theoretical areal capacity between 
2.5–3.7  mAh  cm−2. All experiments presented in this manu-
script were performed at a current density of 120 mA g−1, using 
a solution of NaPF6 (1 m) in diglyme as electrolyte.
2.2. Electrochemical Characterization of Cu3PS4
Voltage profiles are shown in Figure  4a,b. The initial cycle 
shows a discharge capacity of more than 1030  mAh  g−1 
(1.49 mAh cm−2), followed by a charge capacity of 817 mAh g−1. 
Sloping voltages and a large hysteresis are observed, which are 
typical for conversion reactions. However, some distinct features 
can be seen, which will be discussed further below. The initial 
coulombic efficiency of 79% indicates an irreversible capacity 
loss within the initial desodiation step. This is also typical for 
conversion reactions and a result of solid electrolyte interphase 
formation along with formation of a nanoscopic structure.[10b] 
The coulombic efficiency values were determined using 
Q
Q
η = × 100%C
out
in
. As can be seen in Figure 5, the capacity fur-
ther drops in the subsequent cycle by more than 200 mAh g−1. 
This fading ends after around 25 cycles (≈400  mAh  g−1), after 
which the capacity increases again until the 150th cycle. The 
gradual activation of the electrode can be also seen from the 
derivative plots. Figure  4c shows that the peak positions shift 
during cycling for about 100 cycles after which the situation 
becomes stable (with a slight average increase of +0.35 mAh g−1 
between the 100th and 200th cycle). Such a long-term activa-
tion over many cycles has been also reported by Park et al. for 
CuS by using the same electrolyte as in the present study.[18] It 
is important to note that carbon black also contributes to the 
storage capacity, see Figure  S4 (Supporting Information). The 
maximum capacity of carbon black after the initial cycle is about 
180 mAh g−1 in the applied voltage window. This means that the 
maximum contribution to the electrode is 54 mAh g(Cu3PS4)−1, 
i.e., below 10% when considering stable cycling at capacities of 
around 600 mAh g(Cu3PS4)−1. We therefore neglect the contri-
bution of carbon black in the following discussion. The deri-
vate plot accentuates voltage plateaus, i.e., the plateau at 1.42 V 
becomes clearly visible as a strong peak. This feature almost 
completely disappears upon cycling, being a first hint on some 
irreversible two-phase process taking place. It is unlikely that 
Adv. Funct. Mater. 2020, 30, 1910583
Figure 3. SEM images of the Cu3PS4/C composite electrode and EDS elemental mapping.
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this feature relates to electrolyte decomposition as glymes are 
usually very stable at low potentials versus Na+/Na. In the sub-
sequent cycles, enhanced activity is found around 2  V. The 
intensity of the peaks increases upon cycling, indicating that 
the redox behavior changes. This is in line with the activation 
of the electrode seen from the galvanostatic measurements. 
Without further analysis, a redox activity around 2 V could be 
due to reduction/oxidation of sulfur and/or polysulfides.[28] 
The voltage profiles and corresponding derivate plots over 
200 cycles show that, although the overall behavior is quite 
sloping, several steps repeatedly appear, indicating a multi-
step reaction process. According to the derivative plot, redox 
plateaus during reduction occur at around 1.5, 1.0, and 0.5  V. 
Plateaus during oxidation (desodiation) become more distinct 
during cycling, especially at higher cycling numbers (1.50 and 
1.82 V). The third desodiation plateau is developing after around 
100 cycles and shifts to voltages of about 2.25 V after 200 cycles. 
The combined overpotentials vary between about 0.6  to 1.0  V, 
being similar to many other sulfides/phosphides.[10a,b,18,29] Inter-
estingly, the kinetics improve over cycling as the voltage gap of 
the hysteresis decreases. This decrease is likely the reason for 
the gradual increase in electrode capacity, as one can observe in 
Figure  5. In order to prove the reproducibility of the cycle life 
test, in total five cells were assembled being successfully cycled at 
least for 50 times. All of them showed the mentioned activation 
process reaching capacity values of at least 450 mAh g(Cu3PS4)−1 
so far. The capacities obtained for Cu3PS4 are higher than for 
CuS electrodes and enable enhanced cycling life in comparison 
Adv. Funct. Mater. 2020, 30, 1910583
Figure 4. a) Voltage profiles of the 1st, 2nd, and 5th cycle. Cycling was performed with 1 m NaPF6 in diglyme as electrolyte within a voltage window of 
0.01–2.5 V versus Na+/Na with a current density of 120 mA g−1; b) voltage profiles of the 25th, 50th, 100th and 200th cycle; c) capacity derivative curves 
of the 1st, 2nd, 50th, 100th, and 200th cycle.
Figure 5. Discharge capacities versus cycle number and the corre-
sponding Coulombic efficiencies for more than 200 cycles. Cycling was 
performed with 1  m NaPF6 in diglyme as electrolyte within a voltage 
window of 0.01–2.5 V versus Na+/Na with a current density of 120 mA g−1.
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to the well-known CuP2 when not using complex synthesis 
methods in order to create composites.[12b,18,30]
We further used impedance spectroscopy to qualitatively 
follow changes of the electrode during cycling. Figure  S5a,b 
(Supporting Information) shows impedance spectra over sev-
eral cycles (desodiated state). The overall resistance increases 
during the early cycles, which is generally associated with an 
increase in the charge transfer resistance. After that, the total 
resistance decreases again reaching values of about 10–16  Ω. 
This observation is in line with the gradual activation of the 
electrode discussed above.
For comparison, the electrodes were also tested in lithium 
half cells and with different electrolyte compositions and 
voltage windows, see Figures S6 and S7 (Supporting Informa-
tion). In a previous study, we found a very strong influence 
of the conductive salt on reactions in diglyme based electro-
lytes, with NaOTf and NaPF6 being preferred for sodium and 
graphite electrodes.[31] Figure  S6 (Supporting Information) 
shows that, for lithium, the best capacity retention was found 
for a voltage window between 1–2.5  V versus Li+/Li, with a 
capacity of 170  mAh  g(Cu3PS4)−1 retained after 200 cycles at 
50 mA g−1 using 1 m LiTFSI in diglyme. Figure S7 (Supporting 
Information) shows results for various electrolyte composi-
tions at two different current densities (50 and 120 mA g−1). It 
is important to mention that a one-to-one comparison between 
NaPF6 and LiPF6 in diglyme is not possible as LiPF6 forms 
solid complexes with diglyme. A similar behavior is found for 
LiClO4.[32] Moreover, a selected carbonate electrolyte was tested 
and showed to be not appropriate for the use in Li and Na half 
cells, concluded from Figure  S8 (Supporting Information). 
Among the various compositions tested, stable cycling at high 
capacity as well as an activation of the electrode is only found 
for NaPF6 when using diglyme as solvent. In case of other salts 
as well as for the lithium half cells, a much lower capacity and 
rapid fading was observed. While further explanations on this 
behavior are outside the scope of this manuscript, it is clear that 
the electrolyte composition is very important for cycling the 
Cu3PS4 electrodes. The differences in electrode performance 
for varying electrolyte compositions are usually linked to a dif-
ferent solid electrolyte interphase formation. Further optimiza-
tion of the electrolyte composition may therefore even lead to 
better results. The improved behavior for diglyme compared 
to carbonates is well in line with reports on copper sulfides, 
which also suffer from rapid capacity for the latter solvents.[14b] 
Interestingly, the sodium cells show higher capacities com-
pared to the lithium cells in the diglyme-based electrolyte. This 
is also found for conversion reactions with copper diimide 
(CuNCN)[33] though usually the opposite trend is found, i.e., 
experimentally determined capacities for conversion reactions 
with lithium are typically higher than for the analogue reaction 
with sodium.
2.3. Postmortem Analysis of Cu3PS4
The reaction mechanism was studied by X-ray photoelectron 
spectroscopy (XPS) and (operando) X-ray diffraction. For this, 
the best performing electrodes, i.e., the electrodes cycled in 
NaPF6 (1 m) diglyme were chosen. Before discussing the results, 
one has to realize that the redox chemistry of thiophosphates is 
very complex. Considering Cu3PS4, the formal oxidation states 
are Cu(+I), P(+V), and S(−II). During oxidation/reduction, all 
three elements can be redox active, e.g., Cu(+I) can be reduced 
to Cu(0) or oxidized to Cu(II), S(−II) can be oxidized to poly-
sulfides Sx2− or S(0), P(+V) may be reduced to P(+IV), P(0) or 
P(−III) and so on. P2S5 may also reappear as compound during 
the reaction. Moreover, a variety of thiophosphate anions exists, 
that may form during cycling as well. A discussion on the 
chemistry of lithium thiophosphates can be found in a review 
by Ghidiu et al.[34]
As conversion reactions are typically very complex in nature, 
it is generally difficult to clarify the redox chemistry. Part of the 
problem is that the reactions are often incomplete and, in many 
cases, amorphous and intermediate phases are formed. This 
becomes even more challenging for Cu3PS4 as all elements can 
be redox active. Moreover, the formation of often thick SEIs 
additionally aggravates the analysis of the bulk electrode. Nev-
ertheless, in the following we attempt to at least confirm or 
exclude some of the possible reaction products using a more 
surface (XPS with depth profiling) and a bulk (XRD) sensitive 
technique. It is known that thiophosphates used as solid elec-
trolytes react when exceeding their electrochemical stability 
window (≥2 V vs Li+/Li), leading to excess capacity.[23b] During 
oxidation, S(0) formation is likely as well as the formation of 
P2S5 or anions like P2S62−, P2S74−, and P2S84−.[23a,c] Further side 
reactions with these decomposition products can occur during 
reduction at lower voltages of about 1.5  V, this way forming 
products like Li4P2S6 as well as Li3P and Li2S.[23]
For the XPS studies, the pristine electrodes and the cycled 
electrodes after stabilization (50th cycle sodiated and desodiated 
state) were compared, see Figure 6. Ar+-sputtering was applied 
to remove possible surface layers/SEI components (see the 
Characterization Methods for details). Figure  6a,b shows the 
high resolution S 2p and P 2p spectra for the pristine electrode. 
Results on Li3PS4 and Ag3PS4 served as reference for inter-
preting the data.[35] The spectra were in good agreement, which 
is reasonable considering that γ−Li3PS4, Ag3PS4 and Cu3PS4 
share the same crystal structure and space group (Pmn21). 
Doublet peaks (energy separation = 1.2  eV) at binding ener-
gies (BE) of 162.0  eV for the S2p signal can be related to the 
transition metal-PS43− bondings by comparison with literature 
data on Li3PS4 and Ag3PS4. A signal for PS43− has been reported 
at 161.5  eV for Li3PS4,[35a] at 163.7  eV for crystalline Ag3PS4 
and at 162.1  eV for amorphous Ag3PS4.[35b] The small devia-
tions between the different thiophosphates are due to the dif-
ferent cations. Another peak at a BE of 163.5 eV was detected, 
corresponding to sulfur or other P–S compounds.[23c] Qiao 
et al. explain that amorphization leads to a shift of the P–S–P 
binding energies to lower values.[35b] Consequently, the overall 
broad peak related to the S2p signal may be also due to an 
overlay of crystalline and amorphous Cu3PS4. Note that there 
was no indication for other phases by XRD (Figure 1). Results 
for the cycled electrode are shown in Figure  6c–f. Figure  6c 
shows the S 2p spectrum of the electrode after sodiation. The 
peaks according to the S 2p3/2 and S 2p1/2 signals at 161.6 and 
162.8 eV can be assigned to Na2S,[36] which is an expected dis-
charge end product according to Equation (2). This means that 
the tetrahedral coordinated PS bonds cleave during sodiation. 
Adv. Funct. Mater. 2020, 30, 1910583
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Similarly, the P 2p signal has changed after sodiation, as can be 
seen in Figure 6d. The vanishing of the species marked in light 
blue at 131.8  eV (P2p3/2) and 132.6  eV (P2p1/2), indicates the 
PS bond cleavage. This finding is in line with the results by 
Fan et al. and Edison et al. obtained for FePS3 and SnPS3.[25,26] 
Figure 6e shows the S 2p spectrum after subsequent charging 
(50th cycle, desodiated state). Again, the signature of Na2S 
can be found. However, the signal is broader, especially after 
removing the oxidic surface layer by sputtering with Ar+-ions. 
This is an indication that residues of Na2S remain inactive.[37] 
Adv. Funct. Mater. 2020, 30, 1910583
Figure 6. XPS analysis of the S 2p signal for a) pristine Cu3PS4; c) the sodiated state of the 50th cycle; e) the desodiated state of the 50th cycle. 
b,d,f) The corresponding P 2p signals are shown. The sputtering time was 30 min. Cycling was performed at 120 mA g−1 in a voltage window of 
0.01–2.5 V versus Na+/Na using 1 m NaPF6 in diglyme as electrolyte.
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Moreover, more sodium polysulfide compounds might be 
formed. The occurrence of other charging products such as 
Cu3PS4 or Cu2S could not be clearly evidenced as the signals 
from Na polysulfides (161.7 eV/163.3 eV for terminal and central 
sulfur), PS43− (162.1  eV) and Cu2S (162.6  eV) are overlapping 
each other.[36,37]
Overall, the S  2p spectrum provides at least proof for the 
formation and (partial) decomposition of Na2S during dis-
charging/charging. The XPS data could not be used to con-
firm formation of elemental copper since the signals of Cu (I) 
(932.4  eV) and elemental Cu (932.6  eV) in the Cu  2p3/2 spec-
trum are extremely close.[38] Nevertheless, the data is shown in 
Figure  S9a,b (Supporting Information). Little evidence for the 
presence of a small amount of Cu2+ (933.8 eV) can be found in 
the charged electrode, as it can be observed in Figure S9b (Sup-
porting Information). This indicates that some CuO might be 
present in the sample. However, this contribution can be also 
due to a CuO impurity that formed during the short air expo-
sure during sample transfer or formed by a side reaction with 
the diglyme electrolyte.
Figure  6b,d,f shows the results for the P  2p spectra. The 
pristine material shows a doublet at a BE of 131.8  eV due to 
PS43− (again by comparison with Li3PS4).[23c,35a] Furthermore, 
another PS bonding species can be seen at 132.6  eV, being 
either a sign for a local PxSy residue which might not have fully 
reacted to Cu3PS4 during synthesis or being due to the above 
mentioned existence of some amorphous Cu3PS4. As sulfur for-
mally remains in the −II state during discharging, phosphorous 
may be redox active. As the oxidation state of P in Cu3PS4 is +V, 
reduction to lower oxidation states during sodiation is expected. 
However, formation of Cu3P could be excluded, because no 
signal at BEs around 129–130  eV was detected.[39] There was 
also no evidence for elemental phosphorous, which should 
show signals at a BE of around 128  eV. The signal at around 
133 eV fits to phosphates and thiophosphates, which may have 
formed due do side reactions or reactions with the electrolyte. 
The formation of Na3P as the most likely discharge product 
(see Equation  (2)) could not be confirmed. However, the cor-
responding binding energy at around 127 eV overlaps with sig-
nals of the Cu  3s spectrum at 126  eV, therefore complicating 
the analysis. Due to this overlap, no data <127 eV were acquired. 
Nevertheless, substantial formation of Na3P during discharging 
can be excluded from the XPS data. After sodiation, P2S5 could 
be detected at 133.7 eV.[40] However, as formation of P2S5 cannot 
account for the large capacity values determined, it is expected 
to be only a minor component of the electrode. Consequently, 
the redox activity of phosphorus cannot be clearly clarified via 
XPS, but phosphorus could be evidenced as oxidized species 
with an oxidation state larger than zero in the sodiated and in 
the desodiated state as well. Dietrich et  al. demonstrated that 
the occurrence of Li2S in presence of P2S5 influences the P–S–P 
binding energy due to acting polarization forces.[40] Thus, we 
may observe an analogue case for Na, i.e., an overlay of shifted 
binding energies between 132–134 eV derived from P2S5 due to 
the presence of Na2S is likely.
Before sputtering, the spectra of F  1s (687.7  eV) and P  2p 
(137.7 eV) show presence of PF6−, which remains from the con-
ductive salt. The signals disappear by sputtering, indicating 
the conductive salt residues are located close to the electrode 
surface. Figure S9c,d (Supporting Information) shows evidence 
for NaF at a BE of 684.7 eV in the F 1s spectrum, which is an 
expected product of SEI formation.
The analysis by XPS leads to the following conclusions for 
the redox reactions after electrode activation (50th cycle): a) 
After sodiation as well as after desodiation, the presence of 
Cu3P, Na3P, P(0) and S(0) can be excluded; b) sodiation leads 
to formation of Na2S, but not all of it disappears during deso-
diation; c) PS43− could not be observed, meaning that Cu3PS4 
is not an active compound during cycling, so it is irreversibly 
decomposed during electrode activation. However, very little 
P2S5 may be present; d) small amounts of Cu2S in overlay with 
Na polysulfides may be present.
2.4. Operando XRD Analysis of Cu3PS4
Figure 7a shows operando XRD results for the 1st cycle. Upon 
sodiation, the Cu3PS4 reflections immediately start to disap-
pear. This process is clearly linked to the voltage plateau at 1.4 V 
versus Na+/Na. This plateau only appears during the first sodia-
tion process, see also Figure 4a indicating that the structure of 
Cu3PS4 is irreversibly converted. At the same time, reflections 
due to Na2S and Cu become more intense, which can be more 
clearly seen from the patterns after complete discharge and 
charge, looking at Figure  7b. The Na2S signal intensity con-
tinuously increases with the degree of sodiation, reaching its 
maximum at the end of the discharge at 0.01 V versus Na+/Na. 
This indicates that Na2S continuously forms during sodiation. 
During subsequent desodiation (charging), the intensity of the 
reflections continuously decreases, yet complete disappear-
ance does not take place. This indicates a partial reversibility of 
the Na2S conversion during cycling, well in line with the XPS 
findings. Charge products could be polysulfides or elemental 
sulfur (the former being confirmed by XPS). Formation and 
disappearance of Na2S could be also found in the 2nd cycle (cf. 
Figure 7b). Only minor changes in the intensity of the Cu (111) 
reflection are observed within the 2nd cycle, indicating a very 
small, if any, redox activity of copper during cycling, looking 
at Figures  S10 and S11 (Supporting Information). The results 
therefore indicate that the high storage capacity of the electrode 
is due to sulfur redox. Also phosphorous might contribute, but 
neither XPS nor XRD could provide any evidence for this.
Considering this, the first cycle is clearly very different 
from all the others. As sulfur in Cu3PS4 is already in its fully 
reduced state, the initial sodiation capacity is largely linked to 
reduction of Cu+ to Cu(0). Sulfur then becomes redox active 
during the first desodiaton step. In view of the very good cycle 
life for an electrode based on sulfur redox, one may therefore 
speculate that the formed copper nevertheless plays a role in 
improving the behavior of the electrode. This might be because 
the formed copper improves the local electronic conductivity 
and because copper can trap polysulfides (by forming, e.g., 
CuS and Cu2S) that would otherwise dissolve into the electro-
lyte. Copper sulfides could also reversibly store charge in this 
electrolyte;[14b,18] however, XRD clearly shows that most of the 
copper remains in its metal state during cycling. The domi-
nant role of the sulfur redox can also be rationalized from the 
experimentally determined capacity values which reach about 
Adv. Funct. Mater. 2020, 30, 1910583
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580 mAh g−1 after more than 200 cycles. Assuming solely sulfur 
redox between S2− and S0, the capacity of the electrode (with the 
formal composition of Cu3PS4) would be 613 mAh g(Cu3PS4)−1, 
i.e., the values are close to each other.
Finally, it is also worth noting that the long cycle life shown 
in Figure  5 implies that dissolution of the electrode compo-
nents does not take place. This is not necessarily expected, as 
for example Na2S in combination with P2S5 shows a high solu-
bility in diglyme (the individual compounds do not).[41] Dissolu-
tion of the active material would lead to a rapid capacity fading. 
As XPS and XRD both provide evidence for Na2S formation, 
the long cycle life directly implies that P2S5 does not occur in 
larger amounts during cycling.
2.5. Rate Performance and High Current Stability
Rate capability measurements are shown in Figure  8a. 
Even at current densities as high as 5  A  g−1, values around 
350 mAh g−1 were obtained. After decreasing the current den-
sity again to 120  mA  g−1, the capacity recovered to values of 
about 600  mAh  g−1. The voltage profiles at different current 
densities are shown in Figure S12 (Supporting Information). 
Figure 8b shows the cycling stability test at a current rate of 
1 A g−1. The storage capacity exceeded more than 400 mAh g−1 
even after 1400 cycles, indicating that the redox processes 
(after stabilization of the electrode) are highly reversible. 
Coulombic efficiency values obtained were ≈100% over the 
whole study. Selected voltage profiles and derivative plots are 
compared in Figure  8c,d and show that the redox behavior 
remains nearly constant over the long term test. Overall, com-
pared to FePS3,[25] Cu3PS4 performs better with respect to rate 
capability, cycling stability as well as capacity when cycled 
toward sodium.
3. Conclusion
The use of copper thiophosphate (Cu3PS4) as electrode 
for sodium-ion batteries was explored. Cu3PS4 was syn-
thesized by reactive ball milling from Cu, sulfur and P2S5 
and tested in half cells between 0.01 and 2.5  V versus Na+/
Na. Different electrolytes were tested with NaPF6 (1  m) 
in diglyme, showing the best behavior. At 1  A  g−1, capacity 
values of around 450 mAh g−1 were obtained for more than 
1400 cycles, indicating excellent reversibility of the reaction. 
The redox behavior was analyzed using (operando) XRD and 
XPS with depth profiling. During initial sodiation, Cu3PS4 
undergoes a conversion reaction including the formation of 
copper and Na2S. The PS43− tetrahedrons are cleaved. During 
cycling, the redox activity is dominated by sulfur redox likely 
between S2− and polysulfides Sx2−. Some Na2S seems to 
remain inactive during cycling, however. Copper seems to 
contribute to a minor degree during charge storage as Cu 
metal is found in the charged and discharged state; however, 
the intensities of the XRD reflections slightly vary during 
cycling. The role of phosphorous remains unclear so far. 
NMR spectroscopy may provide further information on this 
in the future. Overall, the processes appear highly reversible. 
Figure 7. Operando XRD analysis after a) the initial sodiation and deso-
diation step. The crystalline nature of Cu3PS4 vanishes and Cu as well 
as Na2S signals increase during sodiation. The measurement was per-
formed continuously during recording the diffraction patterns. b) XRD 
patterns after completed sodiation and desodiation of the initial 2 cycles. 
Following references were used: Cu3PS4: ICSD: 98-041-2240 with the (210), 
(002) and (211) plane; Na2S: ICSD: 98-006-0436 with the (111) and (022) 
plane and Cu: ICSD: 98-005-3755 with the (111) plane. Cycling was per-
formed at 120 mA g−1 in a voltage window of 0.01–2.5 V versus Na+/Na 
using 1 m NaPF6 in diglyme as electrolyte.
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The remaining Cu metal may aid the electronic wiring of the 
electrode and act as a polysulfide trap, thereby improving 
cycle life. Reference experiments with the analogue lithium 
cell showed that the storage capacity of Cu3PS4 is higher for 
sodium. The lower voltage limit for achieving stable cycling 
is higher for Li (≈1 V vs Li+/Li) compared to sodium (0.01 V 
vs Na+/Na). Finally, we also demonstrated that the storage 
capacity of Cu3PS4 electrodes is higher compared to Cu2S, 
CuS, Cu3P, and FePS3 and shows better cycling stability than 
Cu3P, FePS3 and CuP2 electrodes.
4. Experimental Section
Preparation of the Electrodes: Commercial Cu particles (<425  µm, 
99.5% purity), P2S5 (99% purity), and sulfur (99.5% purity) from Sigma 
Aldrich were used as active materials and were put in appropriate 
stoichiometric ratios into zirconia jars. 5 g of the raw materials were ball 
milled in a planetary ball mill (PBM, Fritsch Pulverisette 7) for 24  h at 
400 rpm with a jar volume of 80 mL as well as in a subsequent step in 
a swing ball mill (SBM, Retsch MM 400) for 12 h with a jar volume of 
10 mL applying a frequency of 25 Hz, this way forming a composite with 
carbon. Cu3PS4 to carbon weight ratio was set to 7:3. For the use of both 
ball mills, the ball to powder weight ratio was set to 10:1.
Figure 8. a) Rate capability for a Cu3PS4/C electrode with 1 m NaPF6 in diglyme for a voltage window of 0.01–2.5 V; b) High current rate cycling per-
formance test for a Cu3PS4/C electrode with 1 m NaPF6 in diglyme for a voltage window of 0.01–2.5 V at 1 A g−1; c) corresponding voltage profiles and 
d) capacity derivatives.
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Electrode Preparation: A slurry, using 5 wt% of PVDF binder related to 
the total weight of Cu3PS4 powder was prepared in an NMP solution in 
an MBraun Glovebox under Ar atmosphere. The slurry was casted with a 
doctor blade by hand onto a copper foil (Schlenk) under inert conditions 
and the electrodes were cut into spherical 12 mm diameter pieces and 
dried in a vacuum tube oven at 70 °C overnight. The finally obtained 
active mass loadings varied between 1.5–2.2 mg cm−².
Characterization Methods: XRD analysis of the Cu3PS4 electrodes 
and powders was performed with a Bruker Phaser D2 diffractometer 
using Cu Kα radiation (0.02° step width and 20 s step time). XPS of the 
Cu3PS4/C electrodes was performed using a multiprobe system (Scienta 
Omicron) with a monochromatic X-ray source (Al Kα) and an electron 
analyzer (Argus CU) with an 0.6  eV spectral energy resolution. The 
spectra were fitted using Voigt functions after background subtraction. 
In order to remove the thin surface layer, consisting of salt rests and 
oxidized species, the samples were sputtered in the same multiprobe 
system using Ar+ ions (FOCUS FDG150, 1 kEV, 10 mA) for 30 min. This 
corresponds to an approximate sputter depth of 15 nm. Longer sputter 
times did not change the spectra. TEM specimens were prepared by 
dispersing the powder in ethanol in an ultrasonic bath and placing 
onto a holey carbon copper grid. The structural features of the Cu3PS4 
nanoparticles were studied by high-resolution transmission electron 
microscopy (HRTEM) and selected area electron diffraction in a JEOL 
JEM 3010HT operating at 300 kV that is equipped with a LaB6 filament 
and a 1k  ×  1k GATAN multi scan CCD-camera. TEM investigations for 
getting information about the particle size (Figure  S3a,b, Supporting 
Information) were carried out on a Philips CM200 LaB6 operated at an 
acceleration voltage of 200 kV.
The operando XRD measurement was performed on an STOE Stadi 
MP diffractometer equipped with a Dectris Mythen 1K linear silicon strip 
detector and Ge(111) double-crystal monochromator (Mo Kα1 radiation) 
in a Bragg–Brentano geometry on a sepcifically developed operando half 
cell.[42] One XRD pattern was recorded every hour and the operando cell 
was cycled at C/20 in order to obtain one XRD pattern every 0.3 sodium 
atoms reacted per formula unit.
Electrochemical tests: Electrolytes were prepared by dissolving NaPF6 
(1  m) from Alfa Aesar in diglyme (Sigma Aldrich). Diglyme was dried 
over a molecular sieve (4 Å, Sigma Aldrich) to ensure the water content 
to be lower than 20  ppm, confirmed by Karl-Fisher titration. Other 
electrolyte solutions were prepared in the same way. Electrochemical 
measurements were performed in C2032 coin cells, using 2 pieces of 
glass microfiber filters (Whatman, GF/A) as separator and Na metal 
(BASF SE) as counter electrode. The electrochemical experiments were 
performed with a Biologic MPG2 and a BCS galvanostat/potentiostat. 
Reproducibility of the results was assured by cycling in total more than 
20 cells. Impedance tests were carried out in beaker cells (two electrode 
system) and measured using a Biologic SP150 galvanostat/potentiostat.
Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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